We have performed exome-wide association studies to identify genetic variants that influence body mass index or confer susceptibility to obesity or metabolic syndrome in Japanese. The exome-wide association study for body mass index included 12,890 subjects, and those for obesity and metabolic syndrome included 12,968 subjects (3954 individuals with obesity, 9014 controls) and 6817 subjects 
INTRODUCTION
Obesity is a major risk factor for coronary artery disease, hypertension, diabetes mellitus, dyslipidemia, and several types of cancer [1, 2] . Epidemiological studies in different populations have recognized a contribution of genetic factors to individual susceptibility to obesity [1, 3] , with the heritability of this condition having been estimated at 40% to 70% [4] . Genome-wide association studies (GWASs) and meta-analyses of such studiesmost performed with individuals of European descent [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] or in East Asian populations [15] [16] [17] -have identified >100 loci or genes that influence body mass index (BMI) or confer susceptibility to obesity or adiposity.
Metabolic syndrome (MetS) is also a crucial risk factor for cardiovascular disease, diabetes mellitus [18, 19] , and cancer [20, 21] . The heritability of MetS has been estimated to be ~30% [22, 23] . GWASs have implicated various loci or genes in predisposition to MetS or to traits of this syndrome in individuals of European [22, 23] or African [24] ancestry or in Asian Indians [25] .
Genetic variants identified in previous GWASs typically have a minor allele frequency (MAF) of ≥5% and a small individual effect size. Given that these common variants explain only a fraction of the heritability, it is expected that low-frequency (0.5% ≤ MAF < 5%) or rare (MAF < 0.5%) variants with larger effect sizes also contribute to the genetic architecture of obesity or MetS [26] . Although several polymorphisms have been found to be significantly associated with BMI in East Asian populations [15] [16] [17] , genetic variants, including low-frequency and rare variants, that influence BMI or contribute to predisposition to obesity or MetS in Japanese remain to be identified definitively.
We have now performed exome-wide association studies (EWASs) with the use of exome array-based genotyping methods to identify SNPs-in particular, lowfrequency or rare coding variants with moderate to large effect sizes-that influence BMI or confer susceptibility to obesity or MetS in the Japanese population. We used Illumina arrays that provide coverage of functional single nucleotide polymorphisms (SNPs) in entire exons including low-frequency and rare variants.
RESULTS

EWAS for BMI
We examined the relation of genotypes of 41, 327 SNPs that passed quality control to BMI in 12,890 subjects by linear regression analysis. A Manhattan plot of the EWAS is shown in Supplementary Figure 1A . After Bonferroni's correction, six SNPs were significantly [P < 1.21 × 10 -6 (0.05/41,327)] associated with BMI (Table 1) .
EWAS for obesity
We performed an EWAS for obesity with 12,968 subjects [3954 individuals with obesity (BMI of ≥25 kg/ m 2 ), 9014 controls (BMI of <25 kg/m 2 )], the characteristics of whom are shown in Table 2 . The frequency of men and the prevalence of smoking, hypertension, diabetes mellitus, dyslipidemia, and hyperuricemia as well as BMI, waist circumference, systolic and diastolic blood pressure, fasting plasma glucose level, blood glycosylated hemoglobin (hemoglobin A 1c ) content, and the serum concentrations of triglycerides, low density lipoprotein (LDL)-cholesterol, and uric acid were greater, whereas age and the serum concentration of high density lipoprotein (HDL)-cholesterol were lower, in subjects with obesity than in controls.
We examined the relation of allele frequencies of 41,327 SNPs to obesity with Fisher's exact test. A Manhattan plot for the EWAS is shown in Supplementary  Figure 1B . After Bonferroni's correction, 11 SNPs were significantly (P < 1. 21 × 10 -6 ) associated with obesity (Table 3 ). The genotype distributions of these SNPs were in Hardy-Weinberg equilibrium (P > 0.001) among both subjects with obesity and controls (Supplementary Table 1 ).
The relation of the 11 SNPs to obesity was further examined by multivariable logistic regression analysis with adjustment for age and sex (Supplementary Table  2 ). Three SNPs [rs7808249 (G/A) of CROT, rs1076160 www.impactjournals.com/oncotarget (A/G) of TSC1, rs8018360 (C/T) of RIN3] were related (P < 0.05 in at least one genetic model) to obesity, although there was no SNP significantly [P < 0.0011 (0.05/44)] associated with this condition (Table 4) . The minor A and T alleles of rs7808249 and rs8018360, respectively, were risk factors for obesity, whereas the minor G allele of rs1076160 was protective against this condition.
Relation of nine SNPs to BMI
We examined the relation of genotypes for nine SNPs to BMI by one-way analysis of variance (ANOVA). The six SNPs (rs633715, rs543874, rs1421085, rs1558902, rs8050136, rs9939609) identified in the EWAS of BMI were all significantly [P < 0.0056 (0.05/9)] associated with BMI. Among the three SNPs found to be related to The relation of genotypes of SNPs to BMI was evaluated by linear regression analysis.
a Major allele/minor allele.
obesity, rs7808249 and rs1076160 were related (P < 0.05) to BMI, whereas rs8018360 was not (Table 5) .
EWAS for MetS
We performed an EWAS of MetS with 6817 subjects [3998 individuals with MetS (three or more of the five components of MetS), 2819 controls (none of the five components of MetS)], the characteristics of whom are shown in Table 6 . Age, the frequency of men, BMI, waist circumference, systolic and diastolic blood pressure, fasting plasma glucose level, blood hemoglobin A 1c content, and the serum concentrations of triglycerides, LDL-cholesterol, creatinine, and uric acid were greater, whereas the serum concentration of HDL-cholesterol and estimated glomerular filtration rate were lower, in subjects with MetS than in controls.
We examined the relation of allele frequencies of 41, 675 SNPs that passed quality control to MetS with Table 7 ). The genotype distributions of these SNPs were in HardyWeinberg equilibrium (P > 0.001) among both subjects with MetS and controls (Supplementary Table 3 ).
The relation of the 40 SNPs to MetS was further examined by multivariable logistic regression analysis with adjustment for age and sex (Supplementary Table  4 ). Five SNPs (rs1800497, rs1406503, rs1007732, rs56150213, rs7350481) were related (P < 0.05 in at least one genetic model) to MetS. Among these SNPs, rs7350481 (C/T) at chromosomal region 11q23.3 was also significantly [P < 3.13 × 10 -4 (0.05/160)] associated with Multivariable logistic regression analysis was performed with adjustment for age and sex. Based on Bonferroni's correction, a P value of <0.0011 (0.05/44) was considered statistically significant. OR, odds ratio; CI, confidence interval.
MetS, with the minor T allele being a risk factor for this condition ( Table 8) .
Relation of five SNPs to components of MetS
We examined the relation of the five identified SNPs to the components of MetS-waist circumference, serum concentrations of triglycerides and HDL-cholesterol, blood pressure, and fasting plasma glucose level-in the 6817 subjects by one-way ANOVA ( Table 9 ). The SNP rs7350481 (C/T) was significantly [P < 0.0013 (0.05/40)] associated with the serum concentrations of triglycerides and HDL-cholesterol (for men), whereas the other four SNPs were not associated with any of these parameters.
Relation of SNPs identified in the present study to phenotypes examined in previous GWASs
We examined the genes, chromosomal loci, and SNPs identified in the present study to obesity-or MetSrelated phenotypes previously investigated in GWASs deposited in a public database [GWAS Catalog (http:// www.ebi.ac.uk/gwas)]. In the case of our BMI and obesity studies, chromosomal region 1q25 was previously shown to be related to BMI [7, 8, 12] , obesity [7] , and body fat percentage [14] , whereas FTO was previously identified as a genetic determinant of BMI [6, 12, 27] , obesity [7, 28] , body fat percentage [14] , adiposity [29] , and circulating leptin level [30] . The remaining three genes (CROT, TSC1, RIN3) have not been previously associated with BMI or obesity (Supplementary Table 5 ). In the case of our MetS study, the five identified genes or loci (ANKK1, ZNF804B, CSRNP3, 17p11.2, 11q23.3) have not been previously identified as susceptibility loci for MetS, although ZNF804B and chromosomal region 11q23.3 were found to be related to BMI in women [31] or serum concentrations of triglycerides and HDL-cholesterol [32, 33] , respectively (Supplementary Table 5 ).
DISCUSSION
We have now shown that two SNPs [rs633715 (T/C), rs543874 (A/G)] at chromosomal region 1q25 and four SNPs [rs1421085 (T/C), rs1558902 (T/A), rs8050136 Data were compared among genotypes by one-way ANOVA. Based on Bonferroni's correction, P values of <0.0056 (0.05/9) were considered statistically significant and are shown in bold.
(C/A), rs9939609 (T/A)] of FTO were significantly associated with BMI. Chromosomal region 1q25 and FTO were previously identified as susceptibility loci for BMI and obesity [6-8, 12, 27, 28] . We have also identified three obesity-related genes (CROT, TSC1, RIN3) that have not previously been implicated as determinants of BMI or obesity. In addition, we identified rs7350481 (C/T) at 11q23.3 as a new susceptibility locus for MetS, with SNPs in ANKK1, ZNF804B, and CSRNP3 as well as at 17p11.2 also being implicated as candidate susceptibility loci for MetS.
SNPs associated with obesity
The carnitine O-octanoyltransferase gene (CROT) is located at chromosome 7q21.12 (NCBI Gene, https:// www.ncbi.nlm.nih.gov/gene) and is expressed in various tissues and organs including adipose tissue (The Human Protein Atlas, http://www.proteinatlas.org). The CROT protein is a member of the carnitine acyltransferase family and converts 4,8-dimethylnonanoyl-CoA to its corresponding carnitine ester. CROT activates lipid metabolism by promoting the β-oxidation of fatty acids [34] . We have now shown that rs7808249 (G/A) of CROT was related to obesity with the minor A allele representing a risk factor for this condition. This association of CROT with obesity may be attributable to the role of this gene in lipid metabolism, although the molecular mechanism remains unclear.
The tuberous sclerosis 1 gene (TSC1) is located at chromosome 9q34.13 (NCBI Gene) and is widely expressed including in adipose tissue (The Human Protein Atlas). TSC1 and TSC2 encode proteins that form a complex with each other that functions as an inhibitor of mechanistic target of rapamycin (mTOR) signaling [35, 36] . Deletion, nonsense, or missense mutations of TSC1 and TSC2 lead to loss of function of the TSC1-TSC2 complex and constitutive activation of mTOR signaling. Such mutations of TSC1 or TSC2 cause tuberous sclerosis, a multisystem disorder associated with tumor formation in the brain, heart, lung, kidney, or eye [37, 38] . We have now shown that rs1076160 (A/G) of TSC1 was related to obesity, with the minor G allele being protective against this condition. The association of TSC1 with obesity might be attributable to the effect of this gene on protein synthesis and cell growth, although the underlying mechanism remains unknown.
The Ras and Rab interactor 3 gene (RIN3) is located at chromosome 14q32.12 (NCBI Gene) and is expressed in many tissues including adipose tissue (The Human Protein Atlas). The RIN3 protein is a member of the RIN family of Ras effectors [39] and activates Rab5 in human mast cells, leading to pathological conditions associated with mast cell-mediated chronic inflammation and mast cell hyperproliferation [40] . A GWAS showed that rs10498635 of RIN3 was associated with Paget's disease of bone [41] . Obesity is closely linked to chronic inflammation in adipose tissue [42] [43] [44] [45] . We have now shown that rs8018360 (C/T) of RIN3 was related to obesity, with the minor T allele representing a risk factor for this condition. Although the mechanism underpinning this association remains to be determined, it may be attributable to an effect of RIN3 on inflammation in adipose tissue.
SNPs associated with MetS
We have now identified rs7350481 (C/T) at chromosomal region 11q23.3 as a new susceptibility locus for MetS in Japanese. Chromosome 11q23.3 has previously been shown to be related to serum concentrations of triglycerides and HDL-cholesterol in Japanese and Mexican populations [32, 33] . In our study, rs7350481 was also significantly associated with the serum concentrations of triglycerides (P = 1.72 × 10 -18 ) and of HDL-cholesterol in men (P = 0.0002). It was also related to the serum HDL-cholesterol concentration in women (P = 0.0054) and to the fasting plasma glucose level (P = 0.0060). The association of rs7350481 (C/T) at 11q23.3 with MetS may thus be attributable to the effect of this SNP on lipid and glucose metabolism, although the underlying mechanism remains to be elucidated.
The ankyrin repeat and kinase domain containing 1 gene (ANKK1) is located at chromosome 11q23.2 (NCBI Gene) and is expressed ubiquitously (The Human Protein Atlas). ANKK1 is closely linked to the D2 dopamine receptor gene, and rs1800497 of ANKK1 has previously been associated with both addictive disorders [46] and obesity [47, 48] . Moreover, obese individuals manifest fewer D2 receptors in the striatum compared with lean ones [48, 49] . We have now shown that rs1800497 [G/A (E713K)] of ANKK1 was related to MetS, with the minor A allele representing a risk factor for this condition. This association of ANKK1 with MetS may be attributable to an effect of this gene on obesity.
The zinc finger protein 804B gene (ZNF804B) is located at chromosome 7q21.13 (NCBI Gene) and is expressed at a high level in the thyroid gland (The Human Protein Atlas). The rs1406503 (C/G) SNP of ZNF804B has previously been shown to be related to BMI in Filipino women [31] . We have shown that this SNP was related to MetS in Japanese, with the minor G allele being protective against this condition. It is possible that the association ZNF804B with MetS is attributable to the effect of this gene on BMI.
The cysteine and serine rich nuclear protein 3 gene (CSRNP3) is located at chromosome 2q24.3 (NCBI Gene) and is expressed ubiquitously (The Human Protein Atlas). The three members of the CSRNP family of nuclear proteins (CSRNP1, -2, and -3) share conserved regions including cysteine-and serine-rich regions and a basic domain, possess a transcriptional activation domain, and bind to the DNA sequence motif AGAGTG [50] . We have now shown that rs1007732 (G/T) of CSRNP3 was related to MetS, with the minor T allele being protective against this condition, although the molecular mechanism underlying this association remains unclear.
Chromosome 17p11.2 has been shown to be related to longevity [51] and glomerular filtration rate [52] , but it has not been previously found to be related to MetS. We have now shown that rs56150213 (G/A) at 17p11.2 was related to MetS, with the minor A allele representing a risk factor for this condition, although the functional relevance of this association remains unknown.
General considerations
In a previous GWAS [15] and meta-analyses of GWASs [16, 17] for BMI in East Asian populations, the MAF and effect size (explained variance in BMI) of identified SNPs ranged from 3% to 50% and from 0.02% to 0.20%, respectively. In the case of SNPs of FTO, the MAF and effect size of rs12149832 were 20% and 0.20%, respectively [15] ; those of rs17817449 were 17% and 0.18%, respectively [16] ; and those of rs1558902 were 15% and 0.15%, respectively [17] . In our study, we identified six SNPs associated with BMI, with the MAF and effect size (percentage difference in BMI among genotypes) of rs633715 and rs543874 at 1q25 as well as of rs1421085, rs1558902, rs8050136, and rs9939609 of FTO being 22.0% and 1.7%, 21.9% and 1.7%, 19.1% and 2.1%, 19.1% and 2.1%, 19.2% and 2.1%, and 19.3% and 2.1%, respectively. These SNPs were thus common variants with a moderate effect size. For SNPs related to obesity in the present study, the MAF and allele odds ratio for obesity of rs7808249, rs1076160, and rs8018360 were 32.0% and 1.06, 45.9% and 0.95, and 19.9% and 1.04, respectively. These SNPs were thus common variants with a small effect size. The MAF and allele odds ratio for MetS for rs7350481 identified in the present study were 27.7% and 1.21, respectively, revealing this SNP to be a common variant with a moderate effect size. For the four additional SNPs related to MetS in our study, the MAF and allele odds ratio for MetS of rs1800497, rs1406503, rs1007732, and rs56150213 were 37.1% and 1.02, 5.2% and 0.84, 34.0% and 0.92, and 49.4% and 1.08, respectively. These SNPs were thus common variants with a small effect size.
There are several limitations to the present study. (i) There were significant differences in age and sex between subjects with obesity or MetS and corresponding controls, which may be caused by selection bias of study subjects.
(ii) Given that our results were not replicated, they will require validation in other populations. (iii) It is possible that SNPs identified in the present study are in linkage disequilibrium with other polymorphisms in nearby genes that are actually responsible for the observed associations. (iv) Three SNPs associated with obesity were not significantly related to BMI, and four SNPs associated with MetS were not related to components of this syndrome. The discrepancy in the obesity study might be attributable to substantial percentages of subjects with BMI close to 25 kg/m 2 . The discrepancy in the MetS study might be attributable to the effects of medical treatment for dyslipidemia, hypertension or diabetes mellitus in most subjects with MetS. A lack of relation to waist circumference might be due to substantial percentages of subjects with waist circumference close to cut-off values. (v) Information of treatment such as medication and duration of treatment was not available in the present study. (vi) The functional relevance of the identified SNPs to BMI or the pathogenesis of obesity or MetS remains to be determined.
In conclusion, we have identified rs7350481 (C/T) at 11q23.3 as a novel susceptibility locus for MetS. We also identified three genes (CROT, TSC1, RIN3) as new candidate susceptibility loci for obesity as well as three genes (ANKK1, ZNF804B, CSRNP3) and chromosome 17p11.2 as new candidate loci for MetS. Examination of genotypes for the identified SNPs may prove informative for assessment of the genetic risk for obesity or MetS in Japanese.
MATERIALS AND METHODS
Study subjects
For the BMI, obesity, and MetS studies, 12,890, 12,968, or 6817 subjects, respectively, were examined. The subjects were recruited from individuals as previously described [53] . www.impactjournals.com/oncotarget
On the basis of the recent recognition of a need to revise BMI criteria for obesity in Japanese and other Asian populations [54] , obesity was defined as a BMI of ≥25 kg/m 2 . According to this definition, we examined 3954 subjects with obesity and 9014 controls for the obesity study, with the control individuals having a BMI of <25 kg/m 2 . Individuals with obesity associated with single gene disorders or with metabolic or endocrinologic diseases were excluded from the study, as were those taking medications that may cause secondary obesity. These subjects were largely the same as those for the BMI study.
Diagnosis of MetS was based on a modified version of the definition proposed by the International Diabetes Federation Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World Heart Federation; International Atherosclerosis Society; and International Association for the Study of Obesity [18] . We used cutoff values for waist circumference of ≥90 cm in men or ≥80 cm in women on the basis of a recommendation of the International Diabetes Association [18] . A total of 3998 subjects with MetS thus had three or more of the following five components: (i) a waist circumference of ≥90 cm for men or ≥80 cm for women; (ii) a serum triglyceride concentration of ≥1.65 mmol/L (150 mg/ dL) or drug treatment for elevated triglycerides; (iii) a serum HDL-cholesterol concentration of <1.04 mmol/L (40 mg/dL) for men or <1.30 mmol/L (50 mg/dL) for women; (iv) a systolic blood pressure of ≥130 mmHg, diastolic blood pressure of ≥85 mmHg, or drug treatment for hypertension; and (v) a fasting plasma glucose level of ≥5.50 mmol/L (100 mg/dL) or drug treatment for elevated glucose. History of obesity, dyslipidemia, hypertension, or diabetes mellitus was evaluated with a detailed questionnaire. The control subjects comprised 2819 individuals who had none of the five components of MetS. Autopsy cases were excluded from controls for both the obesity and MetS studies.
The study protocol complied with the Declaration of Helsinki and was approved by the Committees on the Ethics of Human Research of Mie University Graduate School of Medicine, Hirosaki University Graduate School of Medicine, Tokyo Metropolitan Institute of Gerontology, and participating hospitals. Written informed consent was obtained from each participant or families of the deceased subjects.
EWASs for BMI, obesity, and MetS
Methods for collection and extraction of genomic DNA samples were described previously [53] . The EWASs were performed with the use of the HumanExome-12 v1.1 or v1.2 DNA Analysis BeadChip or Infinium Exome-24 v1.0 BeadChip (Illumina, San Diego, CA, USA). Detailed information of these exome arrays and methods of quality control were described previously [53] . Totals of 41, 327 or 41,675 SNPs passed quality control for the BMI and obesity studies and for the MetS study, respectively, and were subjected to analysis.
Statistical analysis
For analysis of the characteristics of study subjects, quantitative data were compared between subjects with obesity or MetS and controls with the unpaired Student's t test. Categorical data were compared between two groups with Fisher's exact test. The relation of genotypes of SNPs to BMI in the EWAS was examined by linear regression analysis. Allele frequencies were estimated by the gene counting method, and Fisher's exact test was used to identify departure from Hardy-Weinberg equilibrium. The relation of allele frequencies of SNPs to obesity or MetS in the EWASs was examined with Fisher's exact test. To compensate for multiple comparisons of genotypes or allele frequencies with BMI, obesity, or MetS, we applied Bonferroni's correction for statistical significance of association. Given that 41,327 or 41,675 SNPs were analyzed in the BMI or obesity and the MetS studies, respectively, the significance level was set at P < 1.21 × 10 -6 (0.05/41,327) or P < 1.20 × 10 -6
(0.05/41,657), respectively. Quantile-quantile plots for P values of genotypes in the EWAS for BMI or for those of allele frequencies in the EWASs for obesity or MetS are shown in Supplementary Figure 2 . The inflation factor (λ) was 1.03 for BMI, 1.22 for obesity, and 1.13 for MetS. Multivariable logistic regression analysis was performed with obesity or MetS as a dependent variable and independent variables including age, sex (0, woman; 1, man), and genotype of each SNP. A detailed method of analysis was described previously [53] . The relation of genotypes of SNPs identified in the EWASs to BMI or the five components of MetS was examined by oneway ANOVA. Bonferroni's correction was also applied to other statistical analysis as indicated. Statistical tests were performed with JMP Genomics version 6.0 software (SAS Institute, Cary, NC, USA).
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